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A numerical thermal model is presented for laser microvias drilling in multilayer electronic
substrates with Nd:YAG 共YAG denotes yttrium aluminum garnet兲 and CO2 lasers. Such substrates
have different optical properties such as the refractive index and absorption coefficient at these two
laser wavelengths, resulting in different drilling mechanisms. Since the skin depth of the polymer is
large for both the lasers, volumetric heating is considered in the model. As soon as a small cavity
is formed during the drilling process, the concave curvature of the drilling front acts as a concave
lens that diverges the incident laser beam. This self-defocusing effect can greatly reduce the drilling
speed as predicted by the model. This effect makes the refractive index of the substrate at different
wavelengths an important parameter for laser drilling. The model was used to calculate the laser
ablation thresholds which were found to be 8 and 56 J / cm2 for the CO2 and Nd:YAG lasers
respectively. Due to the expulsion of materials because of high internal pressures in the case of
Nd:YAG laser microvia drilling, the ablation threshold may be far below the calculated value. A
particular laser beam shape, such as pitch fork, was found to drill better holes than the Gaussian
beam. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2829818兴
I. INTRODUCTION

Lasers are often used for high precision processing of
semitransparent materials, such as polymer and semiconductor, for which the skin depth is large at certain laser
wavelengths1 allowing deep penetration of the laser beam
into the material. CO2 共10.6 or 9.3 m wavelength兲 and
Nd:YAG 共YAG denotes yttrium aluminum garnet兲 共wavelength 1.06 m兲 lasers are prevalent in various industries.
The photon energies of these lasers are much lower than the
bond energies of most polymers and semiconductor materials. So photothermal ablation is the dominant mechanism for
material removal, which is based on thermal processes such
as melting and vaporization. The laser energy is absorbed
inside the material, and therefore, volumetric heating occurs
during laser drilling process.2 The volumetric heating may
introduce thermomechanical breakage of the material due to
large thermal stress which can degrade the hole quality. The
temperature distribution due to volumetric heating needs to
be analyzed to control the drilling process.
It is difficult to measure the temperature inside a material directly. Holographic interferometry can be used to measure the change in refractive index3 or thermal displacement4
to infer the temperature field. These techniques, however, are
not widely used due to the complexity of the experimental
setup and applicability to limited materials. Modeling is preferred to study the evolution of temperature fields inside the
a兲
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material during laser processing. Most of the analytical models are based on the surface absorption of the laser energy.5–9
Multiple reflections5,10 and geometrical effects on surface
reflectivity11 are important for surface absorption in many
materials such as metals. For large volumetric absorption of
laser energy in transparent materials such as polymers, the
surface reflectivity is small and multiple reflections can be
neglected.
Usually numerical models are used to describe the volumetric heating process. Noguchi et al.12 applied the enthalpy
method to formulate a one-dimensional volumetric heating
model and solved it using a finite element technique. Voisey
and Clyne13 and Sezer et al.14 numerically simulated pulsed
laser drilling of thermal barrier coatings with assist gas. Semak et al.15 used a finite difference method, whereas Zeng et
al.16 presented an analytic model to calculate the temperature
field during laser drilling by considering convective heat
transfer due to the liquid metal flow induced by the recoil
pressure of the outgoing metal vapor. The convective heat
transfer is negligible in the case of polymeric materials for
which the liquid layer is thin.2
Self-defocusing of the laser beam is another effect that
can be important in laser drilling of semitransparent materials. As the drilling process progresses, a crater-shaped hole
with a concave curvature is generally formed. The concave
surface acts as a lens with negative focal length defocusing
the incident laser beam. This phenomenon is termed as selfdefocusing during laser drilling, which depends on the re-
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fractive index of the material. Large refractive index means
high optical power of the negative lens leading to more pronounced defocusing effect. Most of the studies analyzed the
role of plasma on self-focusing or self-defocusing effects
during laser-material interactions.17–19 Strombeck and Kar20
studied the self-focusing effect in laser welding where convex surfaces are formed by the molten material due to the
surface tension between the melt and substrate.
This paper examines the self-defocusing effect arising
due to the divergence of the incident laser beam by the concave drilling front as the laser beam propagates into the polymeric substrate. Volumetric laser heating is also considered
in the thermal model which is solved using the finite difference method. Since the laser irradiance is very high for laser
drilling, the volumetric heat source term in the energy equation generally causes numerical instability while solving the
finite difference equations. To ensure computational stability,
time-split MacCormack method21 is used. The locations of
the drilling front are tracked at each time step of the calculation.
During laser drilling of polymers, the material removal
may occur at a fixed thermal decomposition temperature due
to several physicochemical phenomena such as the phase
transitions 共e.g., solid→ glassy phase→ melt→ vapor兲, gas
diffusion, chemical degradation, and chemical reaction. To
account for the energy involved in this complex process,
“specific ablation heat,” representing the amount of heat
needed to ablate a unit mass of the polymeric material at its
thermal decomposition temperature, is included in the model
in this study. This specific ablation heat is similar to the term
“latent heat of vaporization” used to define the heat input for
boiling materials at their respective boiling temperature. The
effect of plasma is neglected in this study because the plasma
is less likely to form during polymer drilling owing to its low
vaporization point.
II. MATHEMATICAL MODEL

When a laser beam is incident on polymer substrates, a
portion of the light penetrates into the material and deposits
a fraction of its energy within a certain volume of the substrate. Thus the laser beam acts as a volumetric heat source.
As the substrate surface temperature rises, melting and material removal due to vaporization and chemical degradation
of the polymer occur creating a hole in the substrate.
A. Gaussian beam propagation

The propagation of the Gaussian laser beam in the substrate is analyzed for the drilling geometry presented in Fig.
1 showing a multilayered substrate consisting of an embedded copper layer covered with polymer layers on both sides
of the copper pad. The incident laser beam is focused towards the substrate with a lens of focal length f a creating a
beam waist w0a at the focal spot. The distance between the
focal spot and the top surface of the substrate is zwa. As
drilling progresses, the concave drilling front, which is simplified as a negative focusing lens, defocuses the laser beam
producing another beam waist w0 which is imaginary at the
focal spot of the negative lens. If the effective focal length of

FIG. 1. Self-defocusing effect in laser drilling of semitransparent materials.

the drilling front is taken as f which is negative, the beam
waist w0 can be expressed as20
1
w20

=
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where m is the wavelength of the laser inside the polymer
material, i.e., m =  / nm,  is the wavelength of the laser in
vacuum and nm is the refractive index of the polymer.
The location of the waist, zw, is given20
zw = f − 共zwa + f兲

f2
,
2
共zwa + f兲2 + 共w0a
/m兲2

共2兲

and the radius of the beam is given by
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zR2

册
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,

共3兲

as it propagates through the substrate. The penetrated laser
beam is absorbed by the substrate with an absorption coefficient . Assuming the Bouguer-Lambert law to be valid, the
laser irradiance propagating downward inside the polymer
can be expressed as
Iip = Ii exp关− 共兩l̄兩 − s兲兴,

共4兲

where l̄ is the laser propagation path vector representing the
path length along the direction of laser beam propagation, s
is the drilling depth measured in the z direction and Ii is the
irradiance of the incident laser beam. If the divergence of the
beam is not large, l̄ is in the z direction. For a Gaussian
beam,
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Ii = 共1 − R p兲I0 exp关− 2r2/w2共z兲兴⌽共t兲,

共5兲

where R p is the reflectance of the polymer, I0 is the laser
irradiance at the center of the beam, and ⌽共t兲 is the laser
pulse shape function which is considered to be rectangular in
this study. R p depends on the incident angle of the laser beam
and the laser polarization, as shown in Fig. 2. The Fresnel
reflection coefficients r储 and r⬜ for parallel- and
perpendicular-polarized lights, respectively, are given by
n p cos i − na cos t
n p cos i + na cos t

r储 =

r⬜ =

and

na cos i − n p cos t
,
na cos i + n p cos t

共6兲

where i and t are the incident and refraction angles, respectively, and na and n p are refractive indices of the air and the
polymer, respectively.
The reflectance R储 and R⬜ for parallel- and
perpendicular-polarized lights, respectively, are then given
by R储 = 兩r储兩2 and R⬜ = 兩r⬜兩2. R p is taken as the average value of
R储 and R⬜.
The laser irradiance at the center of the beam is given by
I0 = 2Pt p/w2共z兲ton ,

共7兲

for a pulsed laser, where P is the average laser power and t p
and ton are the pulse duration and pulse-on time, respectively.
Combining Eqs. 共4兲, 共5兲, and 共7兲, Iip can be expressed as
Iip =

冉

冊

2P共1 − R p兲t p
2r2
exp
−
exp关− 共z − s兲兴.
w2共z兲ton
w2共z兲

共8兲

Due to high reflectivity of the embedded copper layer in
the multilayer polymer substrate 共Fig. 1兲, a very small
amount of the laser energy is absorbed at the copper surface
and the rest is reflected back into the polymer layer. The
radius of the reflected beam can be expressed as

冋

wr共z兲 = w0 1 +

共d − zw + d − z兲
zR2

2

册

1/2

共9兲

,

where d is the thickness of the polymer layer. The irradiance
of the reflected beam at its center 共I0r兲 is given by
I0r = 2共1 − R p兲RCuPt p/wr2共z兲ton ,

共10兲

where RCu is the reflectance of copper. If the reflected beam
is still Gaussian, the corresponding irradiance 共Irp兲 is given
by

冉

Irp = I0r exp −

冦

2r2
wr2共z兲

T0 + H/C p ,

冊

exp关− 共d − s + d − z兲兴.

共11兲

FIG. 2. Variation of reflectivity at the drilling front with the incident angle.

B. Thermal model

The thermal model for laser heating and heat conduction
within the substrate is developed by assuming homogeneous
and isotropic polymer material and constant thermophysical
properties. The absorbed laser energy is assumed to convert
into heat instantaneously. The attenuation of the beam by
plasma22 and the radiative heat loss are not considered in this
model. The material removal is modeled as an ablative sublimation process, solid→ vapor phase transition with chemical decomposition, because the liquid phase exists for a short
duration.22
The enthalpy method is used to solve the phase change
problem, where the enthalpy in different regions of the substrate is utilized to ascertain the temperature field as given
below,

for H ⬍ C p共Td − T0兲

for C p共Td − T0兲 艋 H 艋 C p共Td − T0兲 + Ev
T = Td ,
Td + 关H − C p共Td − T0兲 + Ev兴/C p , for H ⬎ C p共Td − T0兲 + Ev ,

冧

共12兲
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where Td is the thermal decomposition temperature at which
ablative material removal occurs and Ev is the specific ablation heat. T0 is the ambient temperature.
The transient energy equation in the cylindrical coordinate system can be written as



冉 冊

1  T
 2T
H
=k
r
+ k 2 + g,
t
r r r
z

共13兲

for 0 ⬍ z ⬍ d. Here, k and ␣ are the thermal conductivity and
thermal diffusivity of polymer, respectively, and g is the
volumetric heat source given by
g=−

Iip Irp
+
.
z
z

共14兲

The boundary conditions are
k

T
= 0,
z

−k

k

T − T0
T
+ Ia =
,
z
Rth

T
= 0,
r

T = T 0,

共15a兲

at z = 0,

at z = d,

at r = 0,
at r = ⬁.

共15b兲

共15c兲
共15d兲

Ia is the laser irradiance absorbed by the copper surface,
which is given by
Ia = 共1 − RCu兲Ii exp兵− 关d − s共r,t兲兴其.

共16兲

Rth is the thermal resistance of the composite medium made
of the copper layer and the polymer layer beneath the copper
layer. It should be noted that the polymer layer above the
copper layer is being considered for microvia drilling. The
value of the thermal resistance can be obtained from the
following relation:
Rth =

dCu d p
+ ,
kCu k

共17兲

where dCu and kCu are the thickness and thermal conductivity
of the copper layer. d p is the thickness of thermal penetration
in the underlying polymer layer.
C. Numerical solution

The time-split MacCormack method21 is used to solve
the partial differential equation 共13兲 by taking the numerical
stability factor r⬘ = ␣⌬t / 共⌬r⌬z兲 less than 0.5, where ⌬t, ⌬r,
and ⌬z are, respectively, time step and spatial steps in the r
and z directions. A computational flow chart is presented in
Fig. 3 and various thermophysical properties of the polymer
material are listed in Table I. Different laser parameters such
as the wavelength, average power, beam size, pulse repetition rate, and pulse width are also input parameters for numerical calculations. The substrate surface is flat before the
drilling process begins and, therefore, the effective focal
length of the surface is taken as infinite prior to material
removal. The drilling front, however, presents a concave sur-

FIG. 3. Flow chart for numerical computation.

face to the incident laser beam after drilling begins to occur,
for which the effective focal length is calculated by fitting
the drilling front with second order polynomials such as
s共r , t兲 = C1r2 + C2r + C3, where C1, C2, and C3 are constants
and f = n p / 2C1共n p − na兲.
The propagation of laser beam inside the material is
simulated during the laser pulse-on time when the volumetric
heat source g is calculated based on the absorption of the
laser energy given by Eq. 共14兲. The volumetric heat source is
set to zero during the laser pulse-off time. The temperature
field is calculated by the time-split MacCormack method. If
the temperature of a grid is larger than the thermal decomposition temperature 共Td兲, that grid is considered to absorb
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TABLE I. Thermophysical and optical properties of the polymer used for
numerical computations.
Thermal conductivity
Specific heat
Density
Thermal decomposition point
Specific ablation heat
Thermal expansion coefficient
Elastic modulus
Poisson ratio
Refractive index 共 = 9.3 m兲
Refractive index 共 = 1.06 m兲
Reflectance 共 = 9.3 m兲
Reflectance 共 = 1.06 m兲
Absorption coefficient 共 = 9.3 m兲
Absorption coefficient 共 = 1.06m兲

0.12 W / m K
1.62⫻ 103 J / kg K
1.44⫻ 103 kg/ m3
539 K
4.67 MJ/ kg
11.2⫻ 10−5 K−1
0.62 GPa
0.35
1.92
10.63
9.97%
68.56%
0.103 m−1
0.041 m−1

the specific ablation heat according to Eq. 共12兲. The grid is
eliminated from the computational domain if the enthalpy of
the grid is greater than or equal to C p共Td − T0兲 + Ev, which
corresponds to material removal during the drilling process.
Usually, the enthalpy of a grid does not come out to be
exactly equal to C p共Td − T0兲 + Ev and, therefore, the material
removal 共the drilling兲 lies somewhere between two grid
points. The enthalpy is considered to vary linearly between
two consecutive grid points, as shown in Fig. 4, in order to
track the drilling front.
III. RESULTS AND DISCUSSION

The computational domain of the polymer material is
60 m in the r direction and 40 m in the z direction. The
independence of the solution on the number of grid is tested
by comparing the numerical results to an analytical model,23
as presented in Fig. 5, showing the axial temperature distribution in the polymer material at the center of the Gaussian
beam 共r = 0兲. Various laser parameters for this testing are the
following: 3 W average power of a CO2 laser of wavelength
of 9.3 m, 20 s laser pulse-on time with a period 共pulse-on
time+ pulse-off time兲 of 50 s. The calculation error, which
is represented by the difference between the numerical result
and the analytic solution is less than 0.7% when the calculation domain is divided into 200⫻ 200 grids and the error is
less than 0.2% for 500⫻ 500 grids. The results presented in
this paper are for the calculation domain divided into 600
⫻ 400 grids with calculation error less than 0.3%. The stability of the calculation is shown in Fig. 6, indicating that the

FIG. 4. Tracking the drilling front within a grid bounded by grid points Zi
and Zi+1.

FIG. 5. Comparison of an analytic solution with numerical results for different grid numbers, indicating the selection of grids for computational
accuracy.

time-split MacCormack method yields a stable solution even
when the stability factor r⬘ = ␣⌬t / 共⌬r⌬z兲 is as large as 0.47.
The temperature distributions along the z direction at r
= 0 are presented in Fig. 7 for four different times after the
beginning of laser irradiation. Because of the Gaussian beam
profile, the maximum laser irradiance 共I0兲 occurs at the center of the beam 共r = 0兲 and this produces maximum temperature at r = 0 on a given plane of fixed depth. The energy of
the Gaussian laser beam is 0.392 mJ/pulse, beam radius is
25 m, pulse-on time is 430 ns, and the pulse repetition rate
is 50 kHz. As the irradiation time increases, the temperature
inside the polymer increases. After the thermal decomposition point is reached, the temperature will not rise because
the specific ablation heat is absorbed. Since the polymer material can greatly attenuate the laser beam propagating inside
it, the temperature is maximum at the top surface and drilling
begins from top to the bottom for CO2 lasers. In this paper,
the enthalpy method is used to describe the phase change and

FIG. 6. Comparison of numerical results for different time step, indicating
the selection of the time step for computational stability.
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FIG. 7. Axial temperature distribution at different times during CO2 laser
drilling.
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FIG. 9. Comparison of the radial temperature distributions for Nd:YAG and
CO2 laser drillings at the interface of the top polymer and copper layers
when drilling time t = 0.1ton.

the laser heating model is not based on the boundary condition of a fixed temperature at the drilling front. Consequently, overheating of the polymer, i.e., the occurrence of
maximum temperature inside the material, is not seen in this
case 共Fig. 7兲. However, if the temperature is held constant at
the driiling front, overheating can be observed inside the
polymer substrate.2
However, the drilling mechanism is different for
Nd:YAG lasers of wavelength of 1.06 m. The axial temperature distribution due to Nd:YAG laser irradiation is compared to that of the CO2 laser in Fig. 8 at time t = 0.1ton which
is 43 ns. The laser parameters are the same as those used in
the case of the CO2 laser irradiation. Since the absorption
coefficient of the polymer material is 0.041 m−1 at the
wavelength of the Nd:YAG laser, which is less than that
共0.103 m−1兲 at the CO2 laser wavelength as listed in Table
I, the Nd:YAG laser energy reaching the polymer-copper interface will be higher than in the case of the CO2 laser irradiation. This causes the temperature at the copper-polymer
interface to be higher for the Nd:YAG laser than for the CO2

laser. The radial temperature distribution at the interface is
presented in Fig. 9 at time t = 0.1ton, which shows that the
temperature will be higher than the thermal decomposition
point within a radius of 15 m after 43 ns of laser irradiation. The polymer may turn into vapor in this region, resulting in high pressure and high thermal stresses inside the material. If the pressure and thermal stresses are high enough,
the polymer material above the copper layer will be expelled
out and a hole will be formed. This type of material expulsion can improve the drilling rate because more material can
be removed by the expulsion process than just by vaporizing
the material only at the drilling front.
The drilling front profiles formed at different times are
presented in Fig. 10 for Gaussian CO2 lasers with pulse energy of 0.392 mJ, beam radius of 25 m, pulse-on time of
430 ns, and repetition rate of 50 kHz. The hole depth increases as the drilling time increases and the embedded copper layer can be reached after three pulses. More pulses can

FIG. 8. Comparison of the axial temperature distributions for Nd:YAG and
CO2 laser drillings at r = 0 and drilling time t = 0.1ton.

FIG. 10. Depth of the drilling front at different radial locations 共drilling
front profile兲 as the drilling progresses.
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FIG. 11. Self-defocusing effect on the drilling front profile.
FIG. 13. Ablation threshold fluence for different CO2 laser pulse energies.

increase the hole diameter at the copper surface and thus
reduce the tapering angle. The self-defocusing effect discussed in this paper can affect the drilling process significantly as seen from the results in Fig. 11. Without the selfdefocusing effect, the embedded copper layer can be reached
after one laser pulse which is less than three laser pulses
required with the self-defocusing effect.
The drilling is not initiated instantaneously after the laser
irradiation begins. The lower the pulse energy, the longer
time is needed to initiate the drilling, as shown in Fig. 12.
During this time, the laser energy heats up the material to the
thermal decomposition point and supply the specific ablation
heat. This energy is termed as the ablation threshold energy.
The ablation threshold fluence is calculated for different
pulse energies in Fig. 13. Although the drilling inception
time is different in Fig. 12, the laser energy 共i.e., the product
of the drilling time and the average laser power兲 supplied to
the substrate are the same and the corresponding ablation
threshold energies are the same for different pulse energies,
as shown in Fig. 13. When the laser energy is accumulated in

FIG. 12. Drilling depth at the center of the laser beam as a function of time
for different CO2 laser pulse energies.

the material for being heated up to the ablation threshold
energy, the absorbed energy may also be lost due to heat
diffusion. The diffusion heat loss largely depends on the
drilling time. Longer diffusion time means large heat loss.
Since the ablation threshold energy is found to be the same
in Fig. 13 for different nanosecond laser pulses, the diffusion
heat loss is negligible in these cases as nanosecond is a small
time period for the occurrence of heat diffusion.
The effect of laser beam shape on the drilling process is
also analyzed for three types of beam shapes, uniform beam,
Gaussian beam, and pitchfork beam, as shown in Fig. 14. For
uniform beams, the beam shape at the focal spot is a Bessel
beam24 due to diffraction. The drilling front profiles due to
Bessel beam, Gaussian beam and pitchfork beam are calculated using the numerical model. The laser parameters for
these three types of beam shapes are the following: pulse
energy of 0.392 mJ/pulse, beam radius of 25 m, pulse-on
time of 430 ns, and pulse repetition rate of 50 kHz. The drilling front profiles are shown in Fig. 15 for the three beam
shapes after the first pulse. For the same amount of laser
energy, the pitchfork beam has the possibility of producing
microvias with the smallest tapering angle. The advantage of

FIG. 14. Different laser irradiances used in the comparison of drilling front
profiles.
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follows: pulse energy= 0.3 mJ, beam radius= 21 m, pulse
width= 430 ns, and repetition rate= 83.3 kHz. The optics to
convert an incident Gaussian beam into the pitchfork beam
was so designed that the central valley and peripheral peak
regions 共Fig. 14兲 of the beam contained 1.1% and 17.8% of
the total laser energy, respectively. Eight pulse trains each
containing eight pulses were used to drill one microvia. The
drilling front profile calculated by the model with the same
laser parameters is also shown in Fig. 16 as the white solid
line which agrees the experimental data very well.
IV. CONCLUSION

A numerical thermal model is developed accounting for
the self-defocusing effect to analyze the microvia drilling
process in polymer substrates.
FIG. 15. Comparison of drilling front profiles after one laser pulse for
different beam shapes with the same pulse energy.

the pitchfork beam is that it can utilize the self-defocusing or
self-focusing effect to improve the effectiveness of the drilling process. The central region of the drilling front in Fig. 15
can be regarded as a positive focusing lens for the pitchfork
beam, whereas the same region will act as a negative lens for
the Gaussian beam. Therefore, the central portion of the
pitch fork beam will be focused by the drilling front, raising
its irradiance and causing rapid material removal. Thus, the
drilling speed is enhanced by the pitchfork beam. Drilling
experiment was carried out with the pitchfork laser beam. A
scanning electron microscopic cross-sectional view of the
microvia drilled by a pitchfork laser beam is shown in Fig.
16. The laser parameters for the drilling experiment were as

FIG. 16. Drilling front profile by pitchfork laser beam 共pulse energy
= 0.3 mJ, beam radius= 21 m, pulse width= 430 ns, repetition rate
= 83.3 kHz兲. Due to diffraction the central lobe of the beam only contains
18.9% of the total laser energy.

共1兲 Self-defocusing of the laser beam by the drilling front
can greatly reduce the drilling speed. So the refractive
index of the material at a specific wavelength is an important parameter for laser drilling.
共2兲 The CO2 laser drilling of polymer substrates is mainly
due to ablation as well as vaporization. The Nd:YAG
laser drilling mechanism involves thermomechanical
breakage or expulsion of the material by high internal
pressure.
共3兲 The self-focusing effect can be utilized advantageously
with pitch fork beams to increase the drilling speed compared to uniform and Gaussian beam shapes.
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